Distribution of snow water equivalence (SWE) was measured in the Emerald Lake watershed located in Sequoia National Park, California, by taking hundreds of depth measurements and density profiles at six locations during the 1986, 1987 and 1988 water years. A stratified sampling scheme was evaluated by identifying and mapping zones of similar snow properties on the basis of topographic parameters that account fur variations in both accumulation and ablation. Elevation, slope, and radiation values calculated from a digital elevation model were used to determine the zones. Of the variables studied, net radiation was of primary importance. Field measurements of SWE were combined with the physical attributes of the watershed and clustered to identify similar classes of SWE. The entire basin was then partitioned into zones for each survey date. Statistical analysis showed that partitioning the watershed on the basis of topographic and radiation variables does produce superior results over a simple random sample. 
surface. If the melt only percolates into the snowpack and refreezes, then depth and density have changed but SWE has not. Once meltwater reaches an ice lens or the ground, however, it may move laterally, and the SWE at that point will change. Radiation thus influences the spatial element of accumulation because it may effectively move SWE from discrete parts of the basin where the energy balance is positive or remove SWE when runoff leaves the basin.
Sublimation is important in alpine areas and may make up a large percentage of total water lost at a point [Dozier et aI., 1987] .
In predicting areas of melt for a given set of conditions it is necessary to examine many factors. In addition to the basic energy exchange components, it is necessary to look at the different physiographic characteristics of the point in question, such as slope, aspect, latitude, and horizon. In locations where radiation inputs are low (high latitude), melt and rainfall tend to have a uniform effect on the snow cover [Adams, 1976] . In areas where radiation is both important and variable (lower latitudes and high elevations with rough topography), variability in snowpack parameters is increased. Some parts of alpine basins may go one or two months in the winter without receiving direct solar radiation, while adjacent areas may receive direct radiation and expe. rience occasional melt throughout the winter season. Belbre the onset ot' melt, density exhibits considerable spatial variability, and measurements throughout the drainage area are needed to characterize this variability. Ripening of the snowpack before runoff leads to less variation in density, and fewer samples are necessary to characterize the density variation [Adams, 1976] .
Snow Depth
Ordinarily, a stratified random sample is preferred over a simple random sample [Cochran, 1977] . In particular, when the population varies spatially, stratification may result in a gain in precision in the estimates of the population as a whole. In this study, however, the survey data were used to test our classification, and stratifying the basin before the surveys were completed would have biased the results, implying a priori knowledge of the distribution. Sample locations were located by randomly sampling the coordinates of a 25-m grid registered to a digital elevation model (DEM) of the basin. Locations of the points were transferred to orthographically corrected aerial photographs used by the field teams, and depth measurements were taken at each accessible point. Some of the selected survey points were too difficult for the survey teams to reach. These points were discarded if they appeared to have any snow on them, since accurate estimate from afar was not possible. This procedure affected an insignificant amount of points. However, a point was retained and a depth of zero recorded if it could be positively determined that it was located on a rock outcrop. The field teams used the orthographic photographs. 
Snow Density
Snow pits were dug at selected sites throughout the watershed to obtain density profiles (see Figure 1) . Locations were chosen to give a range of exposures and elevations characteristic of the basin. The density sampler and measurement technique we adopted was developed by R.
Perla of Environment Canada. The sampler is a wedgeshaped cutter 20 cm long, 10 cm wide, and 10 cm high, giving a 1000-mL volume. Continuous density profiles were taken in 10-cm increments in each pit, and dual profiles were usually taken.
SnowfitIl
In the 1986 and 1987 water years, snowfall was measured using snowboards. These consisted of l-m 2 plywood boards with a graduated pipe mounted orthogonally to the board surface in the center. After each storm, new accumulation was measured before they were cleaned off and replaced on the new snow surface. In an effort to improve our basin-wide SWE t:stitnates from the surveys, we examined the local variation and temporal change in density for each of the pit sites. Enough data existed at each site, except the pond (site 6, Figure 1 ), to fit a linear model to the data and have predicted density as a function of date and location. This is important because the basin snowpack does not behave similarly on a temporal or spatial scale. In some instances the east side of the basin is producing runoil' while the west side is still subfreezing in some portions.
Using mean pit densities, five linear equations were de. rived by regression to model density as a function of date for the inlet, bench, ramp, hole, and cirque (sites 2, 3, 5, 7, and 8, respectively, Figure 1 ). All five relationships may be found in S-W"• was calculated tbr each survey using the mean depth and density, which is calculated as discussed above. Snowcovered area was implicitly accounted for in the calculations because the survey points without snow were averaged into the mean snow depth. With a large, randomly located sample, this procedure is sufficient.
The values of• calculated from this method were used to evaluate the results of •WE that are based on the classification of the basin by terrain features, which .is discussed below and will be retorted to a.s the "true" values.
• was also calculated using Thiessen triangulation, for lowing the algorithm presented by Renka[1984] . This technique produced results similar to the simple arithmetic mean, and all estimates except one were within 7% of the true value (Table 3• The means were statistically different fbr the fourth survey, suggesting that the northeast wall no longer represented the entire basin. The mean t¾om the first survey was applied to the entire basin to calculate basin SWE for the first survey in Table 3 . This result is important because this survey was completed close to the date of maximum accumulation and preceded any significant ablation, !naking it possible to obtain a reliable estimate of basin SWE for maximum accumulation using the data available only from the northeast wall.
1987 water year. The first survey was completed shortly after the date of peak accumulation in the basin. Discharge The first objective was completed by regression methods were point values of the topographic variables were the independent variables and measured SWE at corresponding points was the dependent variable. The second objective was more complicated. First, the basin was classified into zones of similar characteristics using a 5-m grid from the basin DEM. The basin was divided into these zones in a two-step process. From a random sample of 1000 locations the corresponding values of radiation, slope, and elevation were clustered to identify the structure of similar groups within the basin. The entire basin was then classified using a Bayesian classifier based on the statistics generated from the clustered subimages [Richards, 1986] . The combinations are listed in Table 4 , and for simplicity, acronyms are used for the stratifications hereinafter. The acronyms include initials for each parameter used and a number for the quantity of locations all three years in spite of radical differences in precipitation. All data were checked for the assumption of a normal distribution. The data !k)r radiation, slope, and elevation were close to normal with no hope for improvement through transformation. SWE data were normally distributed except k)r the many zeros. This problem was taken care of by masking the steep snow-free areas in the basin and removing them from statistical analysis.
Restdt,v From Modeling
1986 water year. Scatter plots of SWE against radiation, slope, and elevation showed no discernible relationship. All attempts to cluster and classify the basin into zones of similar SWE distribution produced results inconsistent with our field observations. There are several explanations for these results. The orthophotograph described earlier was not yet available during the field season, and oblique photographs were used by the field teams to locate the sample points in the field causing potential error. With the deep snowpack, field crews could not reach the base of the snowpack when depths exceeded 10 m, resulting in substantial undersampling in some cases. It may also be that the deep snow reduces the effects by terrain features on the distribution patterns of snow, as previously discussed. Our Table 6 are highly significant tk)r all classifications. Only the best classification image has been displayed for the first surveys in 1987 and 1988. q'he term "best" is somewhat subjective, since it is based on qualitative corn. parisohs to tield observations, as well as the ANOVA and standard error tests described above. (froups with similar SWE were combined into r,t distinguishable quantity of classes to ease visual interpretation. RSES, the classification based on radiation, slope, and elevation with eight classes, appeared to be the best result (t::igure 5). F, xamination 0f Table 10 . The percent difference in basin SWE when zones having less than five field measurements were removed was less than + 1% in 80% of the cases and never exceeded +5%.
The maximum area covered by the discarded areas was 3.8% of the basin. When zones having less than 10 field measurements were removed, 47% of the volume estimates were _+ 1% or less, five were greater than _+5%, and two were greater than + 10% of the true basin SWE. Over 73% of these These results may be useful in other locations where rugged terrain exists and a stratilicd sample is desired. Ira high-resolution DEM and an adequate computing environ ment are available, a similar method, as described in this study, may be employed. If topographic maps are all that is available, a basin may be divided up based on slope, aspect and elevation classes derived from the map itself, however, this method would require experience to obtain a usefu result. Familiarity with a specific basin would be a grea Temporal aspects of snow distribution should be addressed when sampling is being planned. Our field work shows us that near peak accumulation when the snowcovered area is highest, the variance in SWE is also highest, as a full range of values of SWE are represented in the basin. As the melt season proceeds, the thin areas melt most rapidly, which reduces the basin-wide variance. In late melt season only isolated snow patches exist, and variance tends toward a minimum because the snowpack is homogeneous and it is approaching the zero value of the rest of the basin. Table 3 RSEI2  RSE8  RSI2  RS8  REI2  RE8  RSE12  RSE8  RS!2  RS8  REI2  RE8  RSEI2  RSE8  RSI2  RS8  RE12  RE8  RSE12  RSE8  RSI2  RS8  RE12  RE8   RSE12  RSE8  RS12  RS8  RE12 it be extended to large basins or perhaps to regions such as the entire Sierra Nevada'? In the future we need to couple remote sensing techniques into such investigations. The only practical solutions to questions on large-scale snow distribution depend on synergism of our knowledge of the electromagnetic properties of snow and our ability to accurately characterize ground observations. More work is needed in both areas.
